Pulmonary hypertension (PH) is common and contributes to increased morbidity and mortality in people with heart failure (HF) with preserved ejection fraction (HFpEF). 1 Pulmonary hypertension in
HFpEF is initially felt to be a reflection of passive elevation in downstream pulmonary artery wedge pressure (PAWP), but in some patients, sustained PAWP elevation leads to pulmonary vascular remodelling. 2 This causes further elevation in pulmonary artery (PA) pressure that leads to development of right ventricular (RV) dysfunction and pulmonary gas exchange abnormalities, which ultimately contribute to adverse outcomes. [3] [4] [5] [6] [7] These changes in the right heart and lungs were formerly considered to be limited to end-stage HFpEF, but recent data have revealed abnormalities in PA vasodilation and dynamic RV-PA coupling even in the earliest stages of HFpEF. 8 The current evidence base is not sufficient to recommend pulmonary vascular targeting therapies for people with HFpEF, 2 but novel therapies that target the PA vasculature may hold promise in this regard. In this issue of Eur Heart J, Hoeper and colleagues provide an elegant and timely summary on the current state of the art regarding PH in HFpEF. 9 The authors discuss critical knowledge gaps in classification and phenotyping in this disorder that require further study. The provocative and insightful suggestions provided help inform what should be our roadmap for the future in PH and HFpEF, while raising important unanswered questions that strike at the heart of this emerging clinical syndrome.
Pulmonary hypertension and heart failure with preserved ejection fraction: What's in a name?
The term PH agnostically refers to any elevation in hydrostatic pressure in the PA (defined as mean > _ 25 mmHg); it tells us nothing about the mechanism. 10 Pulmonary hypertension in HFpEF may be caused by high downstream PAWP, increased impedance to flow through the pulmonary vessels, or both. The former has been termed isolated post-capillary PH (IpcPH) and the latter combined post-and precapillary PH (CpcPH). 2 As Hoeper and colleagues point out, IpcPHHFpEF and CpcPH-HFpEF cannot be adequately distinguished based upon clinical characteristics or echocardiography alone-one needs a catheter to do this, but even then it is not agreed upon how these patients should be categorized. 9 There is also a third group of patients with normal EF, high PAWP and PH that is caused by increased blood flow through the lungs. 11 This rarer disorder should not be confused with the more common causes of PH discussed herein. The term PH is sometimes confused with what used to be called PAH (pulmonary arterial hypertension), defined by high PA pressure but normal PAWP. This is now referred to as Group 1 PH according to consensus guidelines. 2 Hoeper and colleagues correctly point out that Group 1 PH is a much different disorder than Ipc-PH-HFpEF, but increasing evidence suggests that it has many similarities to Cpc-PHHFpEF. 9, [12] [13] [14] measurements are taken at end-expiration, mid-A wave, from fluoroscopically verified PAWP position, ideally confirmed by oximetry. This is unfortunately not always accomplished in practice, and it may result in substantial misclassification. To complicate matters further, many patients with HFpEF have normal PAWP when they are assessed at rest, in a fasted, well-compensated state. 8, 16 If this sort of HFpEF patient had an elevated PA pressure at the time of haemodynamic assessment, they would be diagnosed as Group 1 PH ( Figure 1 ). However, would this patient still be diagnosed as such when studied after a salty meal, or while cycling on an ergometer, where PAWP may not be normal? This then begs the question as to how many people are misclassified according to current diagnostic algorithms applied in the evaluation of PH. Provocative testing with either exercise or saline loading has been shown to greatly increase diagnostic accuracy for the evaluation of PH and HFpEF. [15] [16] [17] [18] [19] While saline loading requires less equipment, it is also less sensitive, specific, and physiologically relevant when compared with exercise. 17 Hoeper and colleagues point out how current guidelines have questioned the validity of provocative testing in the evaluation of PH, but what validation is really necessary? One can learn much more about the capacity of any organ system by assessing its function when stressed, whether it's the ability of the pancreas to secrete insulin, the ability of the left ventricle to fill with blood without causing lung congestion, or the ability of the pulmonary arteries to accommodate an increase in flow without pathologic increase in pressures. The latter two questions are of particular interest for the type of patient under discussion here. The lexicon surrounding PH in HF has become a bit of an 'alphabet soup'. To simplify things, we might consider people with HFpEF and PH that is just caused by high PAWP as having 'HFpEF' (Figure 2) . By removing 'PH', this would reinforce that PA pressures are just high owing to left heart congestion, and there are not intrinsic problems with the pulmonary vasculature. Other patients with HFpEF who also display abnormalities in PA structure and function could then be categorized as having HFpEF with pulmonary vascular disease (HFpEF-PVD). In some patients this PVD will be apparent at rest ( Figure 1A ) and in others it is only provoked or demonstrated with the stress of exercise ( Figure 1B) . 8 It is important to point out that this definition does not differentiate between PVD that is due to structural remodeling or PA vasoconstriction, and this likely has important clinical implications that require further study. Finally, patients with the type of 'atypical PAH' identified by Opitz and colleagues might be best evaluated with exercise testing to assess for any component of coexisting left heart disease. While this scheme may not be ready for routine clinical application, the concept of phenotyping individual patients into these mechanistically distinct and homogenous groups would serve as a starting point for prospective comparative studies, using detailed haemodynamic, imaging, clinical, and 'omic' assessments. One such research enterprise is already underway, being performed in the NHLBI-sponsored PVDOMICS network (NCT02980887).
Pulmonary vascular disease in heart failure with preserved ejection fraction As Hoeper and colleagues point out, there is widespread recognition that sustained PAWP elevation leads to PVD in some patients with HFpEF. However, we currently do not know to what extent the PVD observed in our patients is related to structural remodeling, PA vasoconstriction, or both. Current understandings regarding PVD in HFpEF derive from in vivo human data characterizing pulmonary hemodynamic responses in patients taken to the catheterization laboratory. This evolution is a stark contrast to conventional scientific paradigms, where initial observations originate from animal models or from human histopathology.
Histologic data supporting pulmonary vascular remodelling in HFpEF are lacking. In Group 1 PH, effacement of the distal pulmonary arteries involving the intima and media occurs, due to hypertrophic, fibrotic, plexogenic, and inflammatory vascular alterations. 20 One study examined lung samples from patients with HFrEF due to coronary disease or dilated cardiomyopathy and found that medial hypertrophy of muscular pulmonary arteries was present. 21 Further histopathologic study, in particular examining arteriolar, capillary and venular changes, is urgently needed to advance our understanding about the nature of PVD in HFpEF. In contrast to Group 1 PH, specific gene mutations that promote PVD are not well understood in HFpEF. A previous study has identified shared abnormalities in PH-related signalling cascades that are common to different forms of PH, including HF subjects. 22 It remains unclear whether this is due to a common pathway in disease progression or continuous spectrum of disease (Figure 2) . Further studies are a major priority to improve our understanding about the pathophysiology of pulmonary vascular remodeling in HFpEF and how it is similar or different to other forms of PH. In addition to PVD, comorbidity-related systemic vascular stiffening and endothelial dysfunction are important contributors to pathophysiology of HFpEF, and it may be that these processes also affect the RV and PA vasculature. 23 In patients with chronic obstructive pulmonary disease, there are significant correlations between intimal thickness in systemic and pulmonary arteries, 24 and Farrero et al.
have recently observed in HFpEF that patients with more profound systemic endothelial dysfunction also displayed higher PVR, supporting this hypothesis. 25 Current guidelines define the presence of PVD by either an elevation in the diastolic pressure gradient (DPG, defined as diastolic PA -PAWP) or the pulmonary vascular resistance (PVR). 2 As discussed by Hoeper and colleagues, the DPG has been consistently discredited as an estimation of PVD. 9 This implies that PVR may be the optimal index to distinguish these groups. However, minute increases in PVR that occur early in disease are associated with dramatic reductions in PA compliance because of the hyperbolic relationship between resistance and compliance. 26 As such, PA compliance may be a more sensitive predictor of both the presence of PVD and outcomes in earlier stage patients HFpEF with PH. 27 Newer indices may be even more informative. Ghimire and colleagues have recently developed a new method to characterize pulmonary vascular mechanics and more clearly delineate the importance of wave reflection in HFpEF-PVD. 28 Another study from the Lewis group has shown that abnormalities in PA distensibility with exercise may be more sensitive to the presence of PVD in HFpEF while also providing a marker of adverse prognosis. 29 Whatever index is ultimately chosen to define the presence of PVD, it should correlated with PVD severity, reflect changes on treatment, Treatment for in pulmonary hypertension in heart failure with preserved ejection fraction
The presence of PH is associated with increased morbidity and mortality in HFpEF, especially when there is coexisting RV dysfunction. 1, 4, 5 Similarly, PVD itself is associated with increased mortality in HF, [30] [31] [32] though fewer studies have evaluated this specifically in HFpEF-PVD. 27 Imbalances in nitric oxide-cyclic guanosine monophosphate (NO-cGMP), endothelin-1, and prostacyclin signalling pathways cause elevations in PA pressures in HF. 2 As reviewed by
Hoeper and colleagues, efforts to restore NO-cGMP signalling with phosphodiesterase 5 inhibitors have not been fruitful to date in HFpEF, 9 with one notable exception amongst patients with more severe PVD. HFpEF. [34] [35] [36] Nitrite and nitrate were formerly considered as inert byproducts of NO metabolism, but more recent data have now shown that nitrite serves as an important in vivo reservoir for NO production. Inorganic nitrite reduces PA pressures both at rest and during exercise in HFpEF, through reductions in PAWP and improvements in PA compliance. [34] [35] [36] In HFpEF patients with more dramatic PVD, it may also lower PVR. 35 Clinical trials are currently underway testing this molecule in subjects with HFpEF (NCT02742129 and NCT02713126), and other trials testing agents targeted to the NOcGMP and endothelin pathways are underway or have recently been completed.
Conclusion
Our understanding of PVD in HFpEF is still in its infancy, and many of underlying concepts in this field come from observational studies. When confronted with a newly recognized problem of this magnitude, it is tempting to have high expectations for therapies, particularly when there is strong biological plausibility and availability of potent candidate drugs. However, only through detached and disinterested inquiry will we understand the impact of characterizing and treating PVD in patients with HFpEF. Hoeper and colleagues have made a very convincing plea to the scientific community to work harder to advance our knowledge base. 9 While the poor outcomes associated with this condition are sobering, they also remind us that there is an enormous opportunity to help improve the quantity and quality of life in this large and growing cohort of patients.
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